The widely accepted model to explain the positive inotropic effect of cardiac glycosides invokes altered Na ϩ -Ca 2ϩ exchange activity secondary to Na ϩ pump inhibition. However, proof of this model is lacking and alternative mechanisms have been proposed. We directly tested the role of the Na ϩ -Ca 2ϩ exchanger in the action of the glycoside ouabain using Na ϩ -Ca 2ϩ exchanger knockout mice. Ablation of the exchanger is embryonic lethal, but contractility can be studied in embryonic heart tubes at day 9.5 postcoitum. Heart tubes isolated from homozygous Na ϩ -Ca 2ϩ exchanger knockout mice (NCX Ϫ/Ϫ ) display surprisingly normal Ca 2ϩ transients. Removal of extracellular Na ϩ induces Ca 2ϩ overload in wild-type heart tubes but does not alter the Ca 2ϩ transients of NCX Ϫ/Ϫ heart tubes. Similarly, ouabain, at levels causing Ca 2ϩ overload in wild-type heart tubes, has no effect on NCX Ϫ/Ϫ heart tubes. We conclude that in embryonic mouse myocytes the Na ϩ -Ca 2ϩ exchanger is absolutely required for the effect of cardiac glycosides on Ca 2ϩ i . (Circ Res. 2002;90:305-308.)
T he use of digitalis in the treatment of "dropsy" (congestive heart failure) was first described by Withering in 1785. 1 Since then, the mechanism of the positive inotropic effect of cardiac glycosides has been an area of intense study. Schatzmann 2 was the first to describe inhibition of the Na ϩ ,K ϩ -ATPase by a cardiac glycoside, ouabain. It was subsequently suggested that glycoside-induced increases in intracellular Na ϩ could lead to elevation of internal Ca 2ϩ in cardiac muscle, and an inotropic effect, through the Na ϩ -Ca 2ϩ exchanger (NCX1). 3, 4 Variations of this model are still used to explain digitalis action, although definitive proof is lacking.
The explanation for the mode of action of cardiac glycosides requires that the Na ϩ pump is inhibited at therapeutic concentrations of the drug and that [Na ϩ ] i subsequently rises. However, some workers report no change in cellular [Na ϩ ] i on application of digitalis. 5 A variety of alternative mechanisms, independent of Na ϩ pump inhibition, have been proposed to account for increased intracellular Ca 2ϩ . These theories include, for example, a digitalis-induced stimulation of Ca 2ϩ influx through other membrane proteins 6 -8 and the possibility of an intracellular site of action for cardiac glycosides. 9 -11 We investigated the role of Na ϩ -Ca 2ϩ exchange in the inotropic effect of cardiac glycosides using an NCX1 knockout mouse model. NCX Ϫ/Ϫ mice are embryonic lethal at Ϸ11.0 days postcoitum (dpc). [12] [13] [14] Nevertheless, NCX Ϫ/Ϫ heart tubes at 9.5 dpc generate Ca 2ϩ transients, 14 presenting a useful model to study excitation-contraction (E-C) coupling in the absence of Na ϩ -Ca 2ϩ exchange.
Materials and Methods

Knockout of the Cardiac Exchanger
We created NCX1 knockout (KO) mice using the cre/loxP system of gene ablation. 15, 16 A targeting vector was constructed to delete exon 2 of the NCX1 gene, which contains 64% of the coding sequence and includes the translational start site. The targeting vector was electroporated into cultured 129/Sv-LW1 embryonic stem (ES) cells, and neomycin-resistant colonies were screened for site-specific recombination by Southern blot and for loxP integrity by PCR. Selected recombinants were electroporated a second time with a cre recombinase expression vector (GenBank AF334827) to excise both exon 2 and the PGKneo cassette. Appropriate excision was confirmed by a combination of Southern blot and PCR analyses. Selected ES cell NCX ϩ/Ϫ knockouts were injected into C57BL/6 blastocysts. Chimeras born from these blastocysts were bred with Black Swiss mice (Taconic), and those that successfully transmitted the targeted NCX1 allele were further propagated in this genetic background. All experiments were performed under approved institutional animal protocols.
SDS-PAGE and Western Blots
Intact heart tubes were dissolved in SDS sample buffer containing 3 mmol/L dithiothreitol and heated in boiling water for 5 minutes. Proteins were separated on 8% SDS-polyacrylamide gels and transferred onto nitrocellulose. To confirm comparable quantities of transferred protein for each heart tube, nitrocellulose was stained with Ponceau S (Sigma) before immunolabeling. The blots were probed with an exchanger-specific monoclonal antibody (R3F1) 17 and visualized by chemiluminescence (NEN Life Science).
Isolation of Heart Tubes and Intracellular Ca 2؉ Measurements
Whole embryos were isolated at 9.5 dpc in preaerated modified Tyrode's solution containing (in mmol/L) NaCl 136, KCl 5.4, MgCl 2 1.0, NaH 2 PO 4 0.33, HEPES 10, glucose 10, and CaCl 2 1.0 (pH 7.4) at 37°C. After washing, the embryos were incubated in preaerated Tyrode's solution containing 3 mol/L fura-2 acetoxymethyl ester for 10 minutes at 37°C in a rotating water bath. The embryos were washed several times in Tyrode's solution and incubated at room temperature for 30 minutes to facilitate dye deesterification. Immediately before experiments, heart tubes were excised from the embryos. At 9.5 dpc, NCX ϩ/ϩ , NCX ϩ/Ϫ and NCX Ϫ/Ϫ embryos were of comparable size, and heart tubes showed no differences in development, although differences in vasculature were evident consistent with the findings of Koushik et al. 14 For recording intracellular Ca 2ϩ , heart tubes were placed in a flow-through chamber (1.0 mL) on the stage of a Nikon Diaphot inverted microscope heated to 26°C. Ca 2ϩ transients were elicited by electrical field stimulation (Grass) of the ventricular segment of heart tubes. Fluorescence was excited at dual wavelengths (335 and 405 nm) and recorded at 510 nm. 18 Results are expressed as the ratio of fluorescence excited by the two wavelengths, which is linearly related to Ca 2ϩ i . Ratio measurements are resistant to bleaching and motion artifacts.
Results and Discussion
Exchanger Knockout
We confirmed the absence of Na ϩ -Ca 2ϩ exchanger protein in hearts of NCX Ϫ/Ϫ embryos by immunoblot. The blot in Figure  1 presents a pattern of protein bands at 70, 120, and 160 kDa typical of the Na ϩ -Ca 2ϩ exchanger. 19 Wild-type (NCX ϩ/ϩ ) heart tubes showed clear immunoreaction, whereas there was no reaction against NCX1 in heart tubes from NCX Ϫ/Ϫ mice.
Heterozygote (NCX ϩ/Ϫ ) heart tubes had intermediate NCX protein levels.
Ca 2؉ Transients
To study E-C coupling, embryonic heart tubes isolated at 9.5 dpc were loaded with the Ca 2ϩ indicator dye fura-2. Both wild-type and knockout embryos showed spontaneous contractions and simultaneous Ca 2ϩ transients. With external field stimulation at 1 Hz, NCX ϩ/ϩ and NCX Ϫ/Ϫ heart tubes had similar kinetics for the rise and decay of Ca 2ϩ transients. Ca 2ϩ transient amplitudes in the NCX Ϫ/Ϫ heart tubes showed a modest decrease (Table) . The role of the Na ϩ -Ca 2ϩ exchanger as a Ca 2ϩ efflux mechanism is thought to be critical in normal E-C coupling, and it is surprising that apparently normal Ca 2ϩ transients can be generated in NCX Ϫ/Ϫ heart tubes (Table and Figure 2 ), as noted previously. 14 Our data suggest that the plasma membrane Ca 2ϩ pump is capable of assuming a primary Ca 2ϩ efflux role in the NCX Ϫ/Ϫ heart tubes. In the study by Koushik et al, 14 the heart tubes from NCX Ϫ/Ϫ mice did not contract and did not have spontaneous Ca 2ϩ transients, although transients could be elicited by electrical stimulation. Our NCX Ϫ/Ϫ heart tubes display spontaneous Ca 2ϩ transients and contractile active. The reason for this discrepancy is unclear, because conditions in the two studies are similar, although mouse strains are different.
Replacement of Na ؉
Removal of the extracellular Na ϩ surrounding a myocardial cell greatly disturbs fluxes mediated by the Na ϩ -Ca 2ϩ ex- Data are meanϮSEM for wild-type (WT) and knockout (KO) heart tubes. TTP indicates time to peak; relaxation t 1/2 , time to 50% relaxation. changer. Ca 2ϩ efflux through the exchanger no longer occurs, and a marked Ca 2ϩ influx (reverse exchange) is initiated because of the presence of Na ϩ i . Ca 2ϩ overload and contracture ensues. We examined the response of heart tubes to the removal of external Na ϩ (Figure 2) . We chose Li ϩ as a substitute for Na ϩ because Li ϩ is not transported by the Na ϩ -Ca 2ϩ exchanger and is conducted through Na ϩ channels, thereby maintaining excitability. In NCX ϩ/ϩ control hearts, the gradual replacement of Na ϩ o by Li ϩ o led to a continuous rise of diastolic Ca 2ϩ i and a reduction in the rate of decay of the Ca 2ϩ transient. Ca 2ϩ transients decreased in amplitude and were no longer evident after about 1 minute. In contrast, removal of Na ϩ did not influence the kinetics of the Ca 2ϩ transient in NCX Ϫ/Ϫ heart tubes over a time period of 5 minutes, and contractions remained stable. The result is not unexpected but provides a dramatic functional demonstration of the absence of Na ϩ -Ca 2ϩ exchange activity in the NCX Ϫ/Ϫ heart tubes.
Characteristics of Ca 2؉ Transients in Embryonic Heart Tubes
Ouabain
Cardiac glycosides increase contractility through elevation of intracellular Ca 2ϩ . The favored explanation has been that the increase in Ca 2ϩ is secondary to a rise in Na ϩ after Na ϩ pump inhibition. The presence of the Na ϩ -Ca 2ϩ exchanger is central to this hypothesis. Nevertheless, the role of Na ϩ -Ca 2ϩ exchange as the sole mode of action of glycosides at therapeutic concentrations has been repeatedly questioned. 6 -11,20,21 We therefore examined the effects of the cardiac glycoside ouabain on Ca 2ϩ i in heart tubes from NCX ϩ/ϩ and NCX Ϫ/Ϫ mice. Treatment of heart tubes from NCX ϩ/ϩ mice with 0.03 mol/L ouabain had a modest effect on Ca 2ϩ transients. At higher concentrations (0.1 mol/L), the myocytes developed typical signs of Ca 2ϩ overload with an increase in diastolic Ca 2ϩ levels and reduced Ca 2ϩ transient amplitudes (Figure 3) . Relaxation was prolonged, consistent with a reduced rate of Ca 2ϩ extrusion. Heart tubes from heterozygote knockouts (NCX ϩ/Ϫ ) had responses to ouabain similar to those of heart tubes from wild-type NCX ϩ/ϩ mice (not shown).
In heart tubes from NCX Ϫ/Ϫ mice, however, ouabain had no effect on diastolic [Ca 2ϩ ] i or the amplitude or kinetics of the transient (Figure 3 ). This was true even at elevated ouabain levels (1 mol/L). These results provide the first direct evidence that the Na ϩ -Ca 2ϩ exchanger is required for the effects of ouabain on myocardial Ca 2ϩ . There are two caveats: First, the data were obtained using embryonic tissue and perhaps cannot be generalized to adult myocardium. Two, possibly there are adaptations in NCX Ϫ/Ϫ heart tubes that modify the response to ouabain. Nevertheless, our results appear to answer a basic question: Na ϩ -Ca 2ϩ exchange activity is essential for the action of cardiac glycosides. Figure 3 . Effects of ouabain on Ca 2ϩ transients in embryonic heart tubes. A, In NCX ϩ/ϩ heart tubes, 0.03 mol/L ouabain had modest effects on intracellular Ca 2ϩ , and 0.1 mol/L ouabain led to Ca 2ϩ overload. Ouabain had no effect on Ca 2ϩ transients in NCX Ϫ/Ϫ heart tubes, even at higher concentrations (1 mol/L). B, Summary of the effects of 0.1 mol/L ouabain for 10 minutes on kinetics of the intracellular Ca 2ϩ transient. Data are expressed as a percentage of the preouabain values. Heart tubes were paced at 1 Hz. Stimulation voltage was increased from 30 to 50 V to retain excitability. TTP indicates time to peak; relaxation t 1/2 , time to 50% relaxation. nϭ5 (NCX ϩ/ϩ ) or 4 (NCX Ϫ/Ϫ ). *PϽ0.05.
